Abstract
Forests are managed to meet a variety of objectives. When wood production is the objective of management, the forester has a number of techniques available for stimulating wood production and ensuring renewal of the forest. O en the focus of management is to maximize the volume of wood produced. It is important, however, to keep in mind that whatever is done to modify the growth rate can also modify the properties of wood being grown. Wood quality characteristics can be inherent to particular species, but are also infl uenced by tree growing conditions. This connection to tree growth gives forest managers both an opportunity and an obligation to manage judiciously for value on every site be it only through choice of rotation length, species selection, and initial spacing and stocking control on some sites, to fertilization, thinning and pruning on others (Gryc and Horáček, 2004) .
When an actively growing so wood stem is tipped from the vertical, it almost immediately begins producing wood on the underside of the leaning stem that is diff erent from normal. Stems tipped as little as several degrees from the vertical may begin producing abnormal cells within several hours of the change in stem orientation. This wood, known as compression wood, is of interest because its properties are considerably diff erent from, and much less desirable than, normal mature wood. The appearan ce of compression wood diff ers from that of normal mature wood in respect of anatomical structure, chemical composition, and physical and mechanical properties. This kind of wood is also sometimes formed on the lower edges of branches, playing an important role in controlling branch angle.
The behaviour and properties of wood are the expression of its structure on all levels, viz submicro-scopic, microscopic and macroscopic. Thus, wood structure gives unambiguous answers why the wood behaves or behaved in that way. Wood is a complicated non-homogeneous and anisotropic material of organic origin (Kučera, 1973) . The anatomical structure of so wood consists only of two types of anatomical elements: tracheids and parenchymatous cells (Plomino et. al, 2001; Panshin and Zeeuw, 1980; Matovič and Gandelová, 1980; Kollmann, 1951; Trendelenburg, 1939) .
Within annual rings, it is possible to observe two types of tracheids, early-wood tracheids and latewood tracheids. Early-wood tracheids are formed by cambium at the beginning of the growing season. The tracheids are characterized by thin cell walls and wide lumen their function in wood being conductive. At the end of the growing season, cambium creates so-called late-wood tracheids which are thick-wall showing a narrow lumen. Their function in wood is mechanical (Horáček, 2003; Wagenführ, 1999; Bötsche and Kühn 1988; Timell, 1986; Dewitz, 1969) . Dimensions of tracheids within an annual ring decrease from early wood to late wood (Horáček, 2003; Mitschell and Denne, 1997; Wagenführ, 1989; Bötsche and Kühn, 1988; Fengel and Stoll, 1973; Denne, 1973) . Dimensions of tracheids also change within the stem radius. Along the stem radius -from the stem pith to cambium -dimensions of tracheids increase. The most marked increment occurs in the region of juvenile wood. In next years, it is possible to observe increase in the value or stagnation. The cell wall thickness shows an inverse trend as compared with the tracheid dimensions which means the gradual increment of the cell wall thickness from spring to late wood. (Gryc and Horáček, 2003; Sarén et al., 2001; Matovič and Gandelová, 1989; Panshin and Zeeuw, 1980; Trendelenburg, 1939) .
The compression wood is created on the lower part of bent stems and branches. On the microscopic level, compression wood is expressed by the modifi ed structure of tracheids. Tracheids of the normal wood are of tetragonal or hexagonal form on their cross section whereas tracheids of compression wood are of circular form. Thus, there are intercellular spaces between particular tracheids. Also the cell wall structure is modifi ed in compression wood. The cell wall shows a thickened secondary cell wall, S 3 layer is missing and a fi bril structure demonstrates the marked deviation of fi brils from a vertical axis (Wagenführ, 1999; Mauer and Fengel, 1991; Timell, 1986; Casperson and Zinßer, 1965; Casperson, 1962; Knige, 1958; Rak, 1957 , Trendelenburg, 1932 . Timell (1986) found that tracheids of compression wood showed a smaller radial diameter as compared with tracheids of normal wood. Onaka (1949) mentions that early-wood tracheids are smaller in compression wood while late-wood tracheids show an inverse trend, ie late-wood tracheids are larger in compression wood.
The paper is aimed at the fi eld of the microscopic structure of wood dealing with the description of the most important anatomic element in so woodtracheids in a stem with the occurrence of reaction wood. The objective of the paper is to describe variability of early-wood and late-wood tracheids within the annual ring, radius and stem height. Another objective is to determine if there is a signifi cant eff ect on tracheid dimensions between particular zones of a stem (compression zone -CW, opposite zone -OW). trict Habrůvka (49° 18' 12" N, 16° 43' 21"E, mean annual temperature 7.5 °C, mean annual precipitation 610 mm), one sample tree of Norway spruce (Picea abies (L.) Karst.) was selected where the occurrence of reaction wood was supposed. A tree was selected the stem axis of which was defl ected from the direction of gravity. The age of the selected tree was 110 years. The total tree height was 33 m.
MATERIAL AND METHODS

In
Eight discs of 100 mm in thickness were taken from the tree at a height of 6, 8, 10, 12, 15, 18, 20 and 22 m. In each of the discs, the direction of measurement was marked: the zone of reaction wood (X), opposite zone (Y) and two lateral zones (U and V), see Fig. 1 .
To determine variability of the tracheid transverse dimension in relation to the position in a stem samples of wood were taken in respective zones (CW, OW, SWL and SWR), in the 5th, 15th, 30th, 45th, 60th, 75th and 85th annual rings counted from cambium and heights (6, 8, 10, 12, 15, 18, 20 and 22 m) . Dimensions of the wood samples were as follows: cross section 15 × 15 mm and length 20 mm ( Fig. 1 ) and permanent slides were prepared (according VA-VRČÍK and GRYC 2004) .
A er setting the permanent preparation, transversal sections were taken by means of a digital came ra. The photographs were evaluated by means of the Lucia program. In each of the cross sections, fi ve series of tracheids were measured in a radial direction. Late-wood tracheids (LWT) were defi ned according to Morkov criterion (1928) ; the size of the LWT lumen has to be smaller on the cross section than the cell wall double (measured in radial direction). The relative position in an annual ring was calculated according to a formula:
where p .... tracheid order in an annual ring, n .... number of all tracheids in an annual ring.
Values obtained were statistically processed according to the Statistica 6.0 program (descriptive statistics, ANOVA) and Table Curve 3D 4.0 (tracheid variability in relation to its position in a stem).
RESULTS
Descriptive statistics for transverse dimensions of EWT and LWT in radial direction are given in Table I . Mean values of a tracheid in a transverse direction for particular zones (CW, OW, SWL and SWR) are depicted by means of a box diagram (all measured data were used) - Fig. 2 . The diagram shows that the dimension of an early-wood tracheid (EWT) ranges below the limit of 30 μm in all zones. The mean transverse dimension of a LWT in a radial direction ranges from 15 to 17 μm. In zones CW and SWR, the values are roughly on the same level (about 16 μm). The highest mean was found in an EWT in zone SWL (17 μm), the lowest mean was found in the opposite zone (OW) with a value of about 15 μm.
Statistical studies demonstrate that there are statistically signifi cant diff erences between mean values of the transverse dimension of an EWT in particular zones. These signifi cant diff erences were found between all zones. In a LWT, statistically signifi cant differences were found between some zones (Table II) .
Based on the measured data, models were constructed for particular zones describing the va riabi li ty of EWT and LWT along the stem radius and height. For models describing the early-wood tracheid variability those tracheids were selected which showed a relative position 0.3 in the annual ring. For the late-wood tracheid model those tracheids were selected which showed a relative position 0.96 in the annual ring. In models describing the earlywood tracheid variability (Fig. 3) it was found that with the increasing distance from the stem pith transverse dimensions of a tracheid increased. The most marked increase in the tracheid dimension (radial direction) occurred in the region of juvenile wood. Maximum values were reached in the 30th annual ring. In next years, the dimension stagnation occurred and in last annual rings, it was possible to observe the negligible decrease in the tracheid dimension. The result was also cor ro bo ra ted using ANOVA which showed that variability along the stem radius (for all zones) was a signifi cant factor aff ecting the tracheid dimensions. Trends and values along the stem radius in OW, SWL and SWR zones are nearly the same. As for the stem height, an inverse trend was found -transverse dimensions of a tracheid decrease with the stem height. In the models, a limit of 12 m is evident. Up to the limit height, the tracheid dimensions decrease gradually, however, above the limit the dimension decrease is marked. In Tab. III, functions are given describing the variability of a tracheid in relation to its position in the tree stem. The found out models as well as particular coeffi cients were statistically signifi cant. Coeffi cients of determination for an EWT range between 0.382 and 0.692. These values indicate medium strong or even strong dependence of the tracheid dimension on the position in a stem. In models describing the variability of a LWT, it is possible to notice only minimum changes in the tracheid dimensions. Although models as a whole are statistically signifi cant coeffi cients of determination for particular models are very low ranging from 0.055 to 0.164. These low values of the coeffi cients give evidence of the very low eff ect of a position in a stem on the late-wood tracheid dimensions. Similar conclusions were derived using ANOVA which confi rmed the eff ect of height and radius on the tracheid dimensions but, simultaneously, statistically significant eff ects were found only between some heights and annual rings.
In models describing variability of tracheids at particular heights (Fig. 4 , models for the compression zone CW and opposite zone OW are given), changes in the tracheid radial dimensions within an annual ring are evident. Between relative positions 0 and 0.6, it is possible to notice EWT. From the relative position 0.6 to 0.9, a gradual decrease in tracheid dimensions occurs -the transition area between EWT and LWT. From the relative position 0.9, it is possible to observe LWT. Eff ects of the stem radius on the tracheid variability are similar as in previous models. At a height of 6 and 15 m, increasing the tracheid is evident to the 30th annual ring, ie in the area of juvenile wood. In the following years, it is possible to notice a gradual decrease in the tracheid dimensions. At a height of 22 m, values are available only to the 45th annual ring. In these models, it is possible to observe the tracheid increment throughout the stem radius. In Tab. IV, particular coeffi cients and coeffi cients of determination are given ranging between 0.55 and 0.80. These values give evidence of the high dependence of radial dimensions of a tracheid on the relative position in an annual ring and position within the stem radius. Models and respective coeffi cients were statistically signifi cant. It is also possible to notice that in the compression zone, annual ring dimensions of compression tracheids in the relative position between 0.4 and 0.9 are nearly constant. Fig. 6 describing an annual ring with compression wood. At the beginning of the growing season, cambium produced early-wood tracheids the transverse shape of which corresponded to tracheids of normal wood (tetragonal to hexagonal form). In a transitional zone, tracheids show thicker cell walls but their form is more or less x-gonal. In the compression wood zone, tracheids show circular shape on their cross section, thick cell walls and intercellular spaces between tracheids. At the end of an annual ring, it is possible to notice LWT showing x-gonal form on their cross section and thick cell walls which are typical of LWR.
DISCUSSION
The aim of the paper was to determine va ria bili ty of cross dimensions of tracheids in radial direction in relation to their position in a stem. Studies in the fi eld of the microscopic structure of wood (transverse dimensions and length of tracheids) were car-
4: Tracheid variability at various heights (CW -compression zone, OW -opposite zone)
5: Comparison of tracheid dimensions in relation to the relative position in an annual ring; compression zone (CW) and opposite zone (OW), height 15 metres (annual ring 45) and 10 metres (annual ring 30)
6: The microscopic photograph of an annual ring with the occurrence of compression wood from the CW zone (A -early wood, B -transitional wood, C -reaction compression wood, D -late wood) and with normal wood from the OW zone (A -early wood, D -late wood)
ried out as early as the end of the 19th century being also carried out at the present time. Based on the studies it is evident that variability of tracheids is considerable. Transverse dimensions of tracheids are aff ected by the kind of wood, site and climatic conditions, position within the stem radius and height and position in an annual ring (Horáček, 2003; Gryc and Horáček, 2003; Sarén et al., 2001; Panshin and Zeeuw, 1980; Diaz-Váz et al., 1975; Trendelenburg, 1939) .
The average dimension of an early-wood tracheid in radial direction ranged about 30 μm in particular zones. The late-wood tracheid dimension in radial direction in particular zones of a stem reached a value of about 16 μm. Thus, the values occurred in a range which is given for coniferous wood tracheids by other authors (Horáček, 2004; Gryc and Horáček, 2003; Fengel and Stoll, 1977; Onaka, 1949; Trendelenburg, 1939) .
Based on determined dimensions, models were constructed describing the tracheid variability in relation to its position in a stem (Fig. 5) . In the fi rst type of models where tracheids were used showing the relative position in an annual ring 0.3 (earlywood tracheids), it appeared that transverse dimensions of tracheids in the area of juvenile wood signifi cantly increased with the increasing distance from the stem pith. Maximum values were reached in the 30th annual ring, in the following years stagnation occurred or decrease in the tracheid dimensions. A trend in increasing the tracheid dimensions in the area of juvenile wood was corroborated by models at particular heights. The determined trends correspond to literature sources (Gryc and Horá-ček, 2003; Sarén et al., 2001) . A decrease in the tracheid transverse dimensions in radial direction along the stem height can be explained by the increasing proportion of juvenile wood from the total area of the stem disc.In models depicting changes in the tracheid dimensions in relation to its position in an annual ring and stem radius (Fig. 6) , it is evident that tracheid dimensions decrease from spring wood to late wood. These changes are related to the tracheid diff erentiation. At the end of the growing season, late-wood tracheids remain longer in the maturing area while in the area of radial increasing, they remain for a shorter period (Horáček, 2003) . Along the stem radius, increase in the tracheid dimensions occurred in the area of juvenile wood, subsequently a maximum was achieved and in the next years, stagnation occurred or decrease in the tracheid dimensions (Gryc and Horáček, 2003) .
Annual rings with compression wood demonstrated the following structure: spring wood, compression wood -transition stage, compression wood and last tracheids were of the same shape as latewood tracheids. This structure of an annual ring was noticed in all annual rings under investigation which showed compression wood. An annual ring structured in this way as one of the possibilities of the occurrence of compression wood within an annual ring is also given by Timell (1986) . Early wood was formed by wide tracheids with a wide lumen and thin cell walls which is typical of early-wood tracheids functioning as conductive elements as compared with late-wood tracheids which showed a small diameter in radial direction, narrow lumen and thick cell walls typical of tissues with me chani cal functions (Wagenführ, 1999; Trendelenburg, 1932) .
Tracheids of compression wood showed circular shape, thick cell wall and intercellular spaces between tracheids. The structure of compression wood corresponds to conclusions published so far (Wagenführ, 1999; Mauer and Fengel, 1991; Timell, 1986; Casperson and Zinßer, 1965; Casperson, 1962; Knige, 1958; Rak, 1957; Trendelenburg, 1932) . In comparing the number of tracheids in an annual ring in a compression zone and opposite zone annual rings with compression wood show nearly the double number of tracheids. This result is caused by wider annual rings in the compression zone. 
IV: Tracheid variability at various heights -
SUMMARY
The paper was aimed at the determination of variability of tracheid dimensions in spruce wood in relation to their position in a stem. Signifi cant changes of tracheids were found along the height and radius of a stem. There were statistically signifi cant diff erences between particular annual rings (va riabi li ty along the stem radius). The height of a stem was also statistically signifi cant. On the basis of the results obtained 3D models were created (for zones CW, OW, SWL, SWP; mo dels for an early-wood tracheid and late-wood tracheid) depicting changes in transverse dimensions of the spruce tracheid in relation to its position in a stem. In the models, decrease in tracheid dimensions occurs at upper heights of a stem. On the other hand, radial dimensions of tracheids increase with the increasing distances from the stem pith reaching their maximum in the 30th annual ring. In the following years, they show stagnation or decrease in the tracheid dimensions. The importance of the paper consists in the enlargement of knowledge on the structure of spruce wood. At the same time, the paper can contribute to the partial explanation of the diff erent behaviour of physical and mechanical properties of wood in particular parts of a stem.
SOUHRN
Vliv polohy ve kmeni na variabilitu radiálního rozměru tracheidy smrku (Picea abies /L./ Karst.) s přítomností reakčního dřeva
Cílem práce bylo popsat variabilitu rozměru tracheidy u smrku v závislosti na poloze v kmeni. Statisticky významné změny v radiálním rozměru tracheidy byly nalezeny nejen po poloměru, ale i po výšce kmene. Z naměřených hodnot byly vytvořeny 3D modely (pro zóny CW, OW, SWL a SWR), které popisují změnu radiálního rozměru jarních a i letních tracheid v závislosti na poloze v kmeni. Z modelů vyplývá, že rozměr tracheid se snižuje s výškou kmene, zatímco po poloměru kmene se radiální rozměr tracheidy zvyšuje. Nejvyšší přírůstek radiálního rozměru tracheidy byl pozorován mezi dření a 30. letokruhem, v následujících letech je rozměr konstantní, popř. mírně klesající. Dále byla studována struktura letokruhů s přítomností reakčního (tlakového) dřeva. Bylo zjištěno, že letokruhy s tlakovým dřevem mají výrazně modifi kovanou strukturu v porovnání s dřevem normálním, popř. letokruhem z protilehlé části kmene. V letokruhu s přítomností tlakového dřeva byly pozorovány jarní, přechodové, tlakové a letní tracheidy. Tlakové tracheidy se vyznačovaly kruhovým tvarem, silnou buněčnou stěnou a přítomností mezibuněčných prostor.
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